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Introduction 
Nuclear energy is currently one of the relevant sources of electric energy production in the world 
and it is still under development [1]. Nowadays, the size of the reactor is increasing and it is 
possible to exceed 1500 MWe per reactor unit thanks also to the efforts aimed to increase thermal 
efficiency. 
Obviously all the proposed technical enhancements need to be accompanied by relevant 
safety improvements. This is why nuclear safety is one of the main matters of study in this field. 
The purpose is to investigate the most important accident scenarios that can occur in a nuclear 
power plant in order to: 
• better understand the neutronic, thermal and hydraulic phenomena; 
• develop good correlations for a mathematical/physical interpretation; 
• develop and validate codes; 
• design proper safety systems. 
The common target of the safety studies is to make the plants safe in an increasingly wide 
number of accident scenarios. Among the others, scenarios leading to a Severe Accident (SA) are 
obviously the most critical ones to manage since they involve a partial or total core melting.  
In the first part of a typical Severe Accident, the molten material, e.g. generated by the 
unbalance between decay heat and core cooling, flows in the lower part of the core and partially 
solidifies because of the local lower temperature. A crust is so created. If the amount of molten 
material is too heavy, the crust may break and the molten core (corium), which is mainly made by 
zirconium and uranium oxides at ~2000 °C, falls on the lower head of the reactor pressure vessel [2]. 
The vessel walls are then subjected to the corium weight and to the thermal stress due the 
decay process. This situation can lead to the vessel rupture, making harder the accident management.  
In the past, the reference scenario for a SA was a Loss Of Coolant Accident (LOCA) followed by a 
failure or by a delay of the Emergency Core Cooling Systems (ECCS) operation, a very unlikely 
occurrence. However, the TMI-2 accident in 1979 showed that, in particular situations, also trivial 
accidents could lead to a core melting [2]. This experience changed the methods for the accident 
prevention, mainly focused to limit the consequences of a SA. 
This new point of view led to new reactor design concepts. A new kind of reactors like the 
EPR and the AP1000, the so called generation III+, were so proposed. Both are designed taking into 
account the core melt scenario although they are based on different management strategies [3], [4]. 
The approach adopted for the EPR allows the lower head rupture. The strategy is called 
EVR (Ex-Vessel Relocation). The corium is dropped in a specific region placed under the vessel, 
the core catcher, which is surrounded by a cooled gap.  
The core catcher has to be obtained by a proper material, resistant to high temperatures, 
mainly of ceramic nature, and must have a design capable to allow for the horizontal distribution of 
the molten material. In fact, with a large heat transfer surface, we can obtain a lower heat flux at the 
same volumetric power.   
The EVR allows establishing a residual heat removal with air natural circulation, in accordance 
with the passive philosophy developed for the last generation reactors. 
The Ex-Vessel corium Relocation (EVR), however, is not always accepted in fact the vessel, 
in similarity with the rest of the primary circuit, is one of the physical barriers against the 
radioactivity release. Thus, a vessel rupture would involve a massive release of radioactive 
materials inside the containment building, making harder and more dangerous some post-accident 
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procedures. 
On the other hand, in the AP1000 reactors, the designers chose to reduce the radioactivity 
dispersion trying to avoid the vessel rupture during accidents. The goal is to confine and to cool the 
molten materials when they are still inside the primary circuit adopting the In Vessel Retention 
method (IVR). The main principle at the basis of this concept is obtaining a passive cooling with 
natural circulation of water outside the vessel (details will be explained in the next chapters). This 
passive system would avoid the rupture of the vessel confinement. On the other side, if the IVR is 
chosen and vessel breaks, a huge amount of molten material could come in contact with water 
possibly causing steam explosions [2]. 
The aim of this work is to validate the CATHARE system code [5] on the IVR configuration 
analysing a series of tests. In addition to validation the computational analysis will allow obtaining 
a clearer idea of phenomena occurring during the transient behaviour while applying this new 
concept.  
The present work contains five chapters. In the first chapter, a description of the IVR 
phenomena is reported, whereas, in the second, a practical explanation of the main features of the 
CATHARE code [5] is proposed.  
The third chapter then deals with the description of the CALO experimental facility [6] and 
of the related experimental data [17]. In the fourth chapters, the details of the one-dimensional 
CALO simulations are described. 
In the fifth chapter regards the CALO simulation with air injections using a three-
dimensional approach are reported, then drawing the final conclusions of the entire study.  
This work is the result of a six months internship at the Commissariat à l'Energie Atomique 
(CEA) of Saclay in the framework of the CALO project in collaboration with Electricité de France 
(EDF). 
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1. In Vessel Retention concept 
The IVR studies deal with the possibility to cool the corium by cooling the outer surface of the 
vessel, in order to limit its rupture probability in the case of severe accident occurrence [3], [6]. The 
cooling is obtained by flooding the reactor pit with water.  
Figure 1 shows the IVR working principle. Water at atmospheric pressure enters from the 
bottom in a restricted area limited by the presence of a baffle. It rises through the gap between the 
vessel walls and the baffle (the so called ‘hot channel’) heated by the molten corium inside the 
vessel. Thanks to this heat source, it boils and the density difference between this column and the 
external cold one generates the driving force for the natural circulation. The hot water exits from the 
top of this channel, it is then cooled in a pool-condenser and it goes down externally into the cold 
channel, creating a loop. 
The IVR concept [6] is so made real if natural circulation is present (equilibrium between 
the driving and the friction forces) and if the heat flux on the vessel wall does not reach the Critical 
Heat Flux (CHF) condition. If the heat flux exceeds this threshold, a vapour film is formed close to 
the wall and heat transfer deteriorates, possibly causing a break in the vessel wall and the release of 
the corium. 
 
Figure 1: Schematic representation of the IVR method 
This scenario suggests the importance of the CHF prediction [7] for assessing safety of the reactor 
in IVR conditions. Currently, CHF data and correlations are not completely adequate to address this 
situation, because the phenomenon is strictly affected by geometrical conditions especially in 
natural circulation and in a low pressure environment. Unfortunately today a limited number of 
experiments exists to study the feasibility of the In Vessel Retention phenomenon and the prediction 
of the related CHF values.  
A first group of present experimental programs related to this phenomenon deals with the 
study of specific correlations to be implemented in codes to predict the IVR behaviour (CHF 
correlation [6], GNV prediction [8]). An example of these analytical facilities is the one developed 
in the frame of SULTAN program performed in Grenoble in 1994 [8]. 
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A second group of experiments are made to investigate the entire system behaviour, trying 
to understand the real conditions to guarantee the natural circulation in the IVR scenario. Today two 
test facilities are mainly considered by the CEA: CALO [6] and ULPU [9]. Next paragraphs shortly 
present these three experiments.   
1.1 Sultan experiments 
The SULTAN experiments were conducted between 1994 and 1998 [8]. They were performed by a 
degassed and demineralized water loop that passes through a section with a heated wall. The circuit 
is composed by a pump, a pressurizer, a condenser, a pre-heater and a heated channel arranged as 
described in Figure 2. 
 
Figure 2: SULTAN facility [8] 
The heated channel has a fixed length of 5 m. Its section and inclination are changeable. Only one 
surface is covered by a heated slab of 4 m and 2m while all the other walls are adiabatic. The heated 
wall width is 15 cm. The plate can provide a heat flux of 0.1-1 MW/m² with a uniform profile. All 
tests are performed under forced circulation. Different tests are proposed corresponding to several 
values of output pressure, channel section, inlet temperature and inlet speed conditions. Results 
were employed in support of the CATHARE code validation for the IVR conditions. In this context 
it was so observed that the code underpredicts the two-phase pressure drops with an estimation of 
the void fraction bigger than the real one. 
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Consequently, the GNV correlation in CATHARE (Génération Nette de Vapeur, net steam 
generation [8]) was modified, achieving a better steam production prediction. Moreover a CHF 
correlation was deduced starting from experiments and is used today to predict the CHF [6] values 
in the IVR scenario. 
Originally the project included a second phase of tests without pump in order also to study 
the natural circulation but at the end of the 90s the project was stopped. 
1.2 ULPU experiment 
The ULPU experiments deal with the simulation of an ex-vessel loop that represents the cooling 
system in an IVR situation [9], [8]. The facility was designed to represent five different 
configurations. The first four configurations refer to the AP600 design while the fifth refers to the 
new AP1000 reactor. All the geometrical data are full scale so they can well simulate a natural 
circulation loop obtained by flooding the reactor pit during a SA. 
The core decay heat is represented by several electrically heated plates. Each plate simulates 
a 30° section of the vessel lower head and the heat flux can be changed in terms of distribution and 
power up to 2.4 MW/m². The configuration V, Figure 3, is the most complex one and simulates the 
entire section of the reactor pit with a volume of 15 cm of thickness. A curved baffle is placed near 
the vessel wall to create a channel.  
 
 
Figure 3: ULPU, configuration V [9] 
The liquid is heated by three plates that cover the entire hemispherical wall of the vessel. The hot 
channel is a 6 m upward duct connected to a condenser and the loop is so closed by a 76 mm 
12 
 
diameter pipe that connects the condenser to the lower part of the volume.  
This experiment was performed to study the behaviour of the fluid with different baffle/vessel gaps. 
As shown in the Figure 4, three different configurations were designed: 
• Constant gap of 152mm; 
• Constant gap of 76mm; 
• Gap of 76mm at the inlet and 152mm at the outlet of the channel. 
   
 
Figure 4: ULPU V, baffle configurations [9] 
For all baffle configurations the initial amount of liquid is enough to establish the natural circulation 
thanks to the wall heating [9]. Table 1 shows the results obtained in the different baffle 
configuration with five typical power distribution profiles.  
 
Table 1: ULPU Results in different conditions [9] 
For each experiment, flow rate and information about the CHF are obtained. The facility provided 
also several pressure differences values thanks to the sensors placed in it. All these data were used 
in 2014 for a first validation of CATHARE code.   
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2. The CATHARE Code 
CATHARE is a system code, (Code Avancé de Thermalhydraulique pour les Accident des 
Réacteurs à Eau, Advanced Thermal-Hydraulic Code for Water Reactors Accidents) developed 
since 1979 by CEA in collaboration with AREVA, EDF and IRSN [5]. 
The code is based on a 2-fluid 6-equation model: each phase is dealt with solving three 
balance equations of mass, energy and momentum. It can also manage the presence of non-
condensable gases, up to four, using their transport equations. It is also capable to solve thermal and 
mechanical non-equilibrium problems like stratification, CCFL, phase separation and also to 
simulate several flow regimes and heat transfer conditions. The main variables used by the code are 
the liquid and gas enthalpy, liquid and gas speed, void fraction, pressure and the non-condensable 
mass fractions, if present.  
In this chapter a brief description of the main features of CATHARE 2 is reported, since this 
is the version of the code developed since the half of the 80s.  
The code is written in FORTRAN; it reads and runs an input data file, the input deck, 
composed by two main parts: 
• the Data Block: it contains geometrical values, hydraulic properties of fluid/gases and all the 
data needed to correctly define the circuit; 
• the Executable block: it contains all the commands needed to build the circuit and to let start 
the simulation.      
The code creates a Listing file and a FORT21 file to print all the results. The Listing is a text file 
where it is possible to read data describing the component assembly phase and the simulation 
results at prescribed iterations. Results can be also plotted using the “postpro” process or using the 
GUITHARE program. 
 GUITHARE is the Graphical User Interface of CATHARE that can be used to create or modify the 
input file, to run simulations and to read the FORT21 file. It is a very useful tool because the user 
can practically visualize the simulated circuit and easily manage even difficult geometries. 
2.1 Balance equations 
In thermal-hydraulic, fluid characteristics can be defined depending on two physical systems [10]: 
1. Eulerian System (local): fixing a point or a volume in the space, fluid properties in that point 
can be evaluated; 
2. Lagrangian System (material): fixing an amount of matter, it is possible to follow its motion 
in order to evaluate the variation of its properties during the path. 
Since CATHARE uses the Eulerian System the three balance equations may be written as 
presented in the following. Equations are written for the gas phase in the Z-direction considering 
that the two phases have not thermal and mechanical equilibrium: UVUT equations (Unequal 
Velocities Unequal Temperatures) are in fact used. The same equations system may be written for 
the liquid phase. 
Mass Balance Equation: 
M
M, 6/4E8 +
M
MN 6/4E%E8 = 1 + P # + #Q
R
ST
      62.18 
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The first term in the left side is the temporal mass variation per unit length and the second is 
advective term of mass due to the flow on the cross sections. The right side introduces the term due 
to the mass transfer between the phases and the source terms for steam and for all non-condensable 
gases. 
Momentum Balance Equation: 
/4E WM%EM, + %E
M%EMN X + /
M
MN + 
M/
MN + /061 − /84 W
M%EM, + %E
M%EMN −
M%YM, − %Y
M%YMN X
= 16% − %E8 − 9 − <=E 4E2 %E|%E| + /4E-[ +
"61 − /8
4 
M
MN+ #]E       62.28 
Starting from the left side, the first term takes into account the pressure loss due to temporal and 
spatial acceleration variations. The second considers the total pressure loss and the rest of the 
expression introduces two closure terms used to obtain real eigenvalues of the system of equations. 
In particular the second closure law, that contains also the liquid speed, represents the amount of 
gas moved by liquid particles at different speed i.e. the virtual mass term. It is zero if the two phases 
have the same speed. 
On the right side, the first term is due to the vaporization and the second to the friction 
between phases; in fact, the subscript “i” means an interfacial contribution. Then, there are the 
terms of the friction and the gravity pressure losses. The fifth term takes into account the 
stratification phenomenon and it is followed by the source term. 
Energy Balance Equation: 
 MM, ^/4E _E +
%E2 `a +
M
MN ^/4E%E _E +
%E2 `a − /
M
M,
=  + <F  + 1 _Q + %

2 ` + /4E%E-[ + #bE      62.38 
At the left side there are terms due to the variations of enthalpy and kinetic energy with time and 
space. The third term is due to the fact that the enthalpy includes the pressure that should not be 
considered in the time variation term so it has to be subtracted. 
On the right side, the first two terms refer to the thermal powers exchanged with the wall 
and with the liquid phase. The third term represents the energy provided by the phase change, 
followed by the gravity and source terms. The energy equation can be extended with other terms in 
order to represent all the remaining methods of energy exchange, like friction, but they also need 
proper constitutive laws to be well defined. 
All the equations are averaged over the cross section and in time: the time integration is 
made on an interval large enough to cover as well the largest turbulent time scales. 
Some simplifications of the code are listed below: 
• axial conduction is negligible, as axial diffusion in the case of non-condensable gases; 
• all the gas and liquid properties are evaluated at the mean pressure and not at the phase 
pressure; 
• interfaces between phases has no thickness, so they cannot store mass or energy; 
• fluids have the same speed at interfaces, %, in the equations; 
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• the surface tension in neglected in momentum and energy equations; 
• non-condensable concentrations are constant on the cross section. 
Mass and energy equations are written in the middle of the control volume (in a scalar point) while 
momentum equation is written at the edge of the volumes (in the vector point).  
2.2 Constitutive relations 
The balance equations also need constitutive relations in order to close the system and better 
understand all the phenomena that can occur [10], [11]. First of all, CATHARE is a code that can 
manage two phase flow that is made by different flow patterns. The type of pattern depends on a 
wide number of parameters like pressure, speed and geometry. Even if there are several studies 
about them, it is difficult to exactly define it or the transition between them. 
Due to practical reasons, in the code there are only two well defined transition criteria 
translated into constitutive laws: 
1. stratification criterion: this marks the transition between stratified and non-stratified flow, it 
is particularly important in horizontal ducts; 
2. onset of droplet entrainment: it defines the transition between annular and mist-annular flow 
setting the presence of drops in the central part of the pipes. 
These two criteria allow the code to detect if and how flow is separated. The separation level affects 
the exchange areas and thus the amount of information that the phases can exchange between them. 
These criteria are inserted in equations with the entrainment rate (E) and the stratification rate (R). 
Their utilization is summarized in the next Figure 5. 
 
Figure 5: Flow pattern organization [5] 
Momentum balance equations contain several terms that need constitutive laws. The friction factor 
for each phase (), the interfacial pressure (), the added mass coefficient (0) and the interfacial 
friction (9) have to be defined. 
The friction factor is written as the product of two coefficients:  = . ⋅ . The first one 
derives from the single phase case and is only function of phase Reynolds number: 
. = ' e 16"D ;
0.079
"Dk,l ; 0.003m						62.48 
The second coefficient is a two-phase multiplier; it is more complicated and is composed by a 
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several correlations in order to take in to account the stratification phenomena. 
For the interfacial pressure the following equation is used: 
 = "6nopqo − rs8 + r61 − "8      62.58 
where nopqo  and rs  are terms due to the stratification contribution and depend on speed and 
density of each phase, void fraction and geometrical data. The last term, r, is utilized to avoid the 
no-convergence of the solution. 
The added mass coefficient is represented by 0 and is made by terms already defined plus 
uv that is a mathematical function to obtain stability: 
0 = 0.561 − "8w1 − uv61 − b8x     62.68  
The interfacial friction has several forms depending on stratification and geometry. The main 
equation is: 
9 = 12 .4y%z6/8      62.78 
In the code there are other constitutive equations that correctly define the heat transfer terms present 
in the energy balance equations. The correlations refer to empirical laws for each flow pattern in 
wall to fluid transfer and for the heat transfer between phases [11].  
2.2.1 Critical Heat Flux phenomenon 
In presence of a heating surface, the Critical Heat Flux (CHF) is the thermal flux in which the 
boiling crisis appears [8]. This represents a local degradation of the heat exchange due to the 
presence of a vapour film on heating surfaces. Thus, it defines the transition between a wetted and a 
dry wall and it leads to a fast temperature increase. 
Since it depends on a large number of local variables, many experiments, with different 
geometries and external conditions, were made in order to write tables or empiric correlations for 
the CHF prediction. 
The CATHARE code uses the following criterion for the CHF definition [11]: 
F{ = |T ⋅ | ⋅ |} ⋅ 10~6E,,8}      62.88 
|T = ' _8 ⋅ 10}@ ; 0.79`
T}          62.98 
| =   1 →       standard value   0.6 →       bundle geometry       62.108 
|} = e  1                →       .  < 0.910w1 − x →       .    ≥ 0.9       62.118 
 = /4 + 61 − /84Y'/4 + 61 − /84Y         62.128 
17 
 
The F factor in the equation 2.8 is an interpolation function of the Groeneveld look-up tables [20] 
for the CHF prediction. A cubic spline method is used for the interpolation of the values. 
2.2.2 GNV correlation 
The GNV correlation [8] (Génération Nette de Vapeur, net steam generation) is able to represent the 
correct onset of boil detachment from a heated wall, thus the point where the internal void fraction 
in a channel starts to be considerable (GNV point). The following correlations, developed in 1974 
[8], are used by the code [21]: 
• If Pe < 7 ∙ 104  
Nu = 455 
'E.:.. = −0.0022 & ⋅  ⋅ ;ℎ&2& 						62.138 
• If Pe > 7 ∙ 104  
St = 0.0065 
'E.:.. = −153.85 ;&G							62.148 
2.3 Numerical features 
The equations resolution is achieved by the Newton-Raphson method, or tangent method. This 
procedure finds the real roots of a function, in fact, each equations can be seen as a simple function .6'8 = 0. If 'k is the solution at given time t, it is possible to find the solution at time t+dt doing an 
iteration that starts from this point. The new iteration point is that one where the tangent of  .6'8 in 'k crosses the X axis. 
Figure 6 shows is a graphical explanation of the process for the simple case of a scalar 
equation in order to easily understand the method in a very simple case.  
 
Figure 6: Newton-Raphson representation 
From a mathematical point of view, in each iteration the following system has to be solved: 
.6'8 ' = .6'8'T = ' − ' 						62.158 
So the series is defined as following: 
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'T = ' − .6'8.6'8       62.168 
Of course the description is simplified. Actually, in the CATHARE code, the multidimensional 
version of the Newton-Raphson method is adopted, involving the presence of a large Jacobian 
matrix, embedding the derivatives of all the equations to be solved. 
The iteration loop stops when one of the convergence criteria is satisfied. The last x found 
can be considered the solution. Two most common criteria are used: 
|.6'8| <       62.178 
' <       62.188 
where   is an appropriate small number. In particular, the CATHARE code stops the iterations 
when the increment of each variable is less than the following fixed value: 
• Pressure: 100 Pa, for non-condensable partial pressure too; 
• Enthalpies: 100 J/kg; 
• Temperatures: 0.01 °C, for liquid or wall; 
• Void fraction: 0.01 6/; 1 − /8; 
• Speed: 0.01 m/s; 
• Fraction of non-condensable: 0.01. 
The code is going to decrease the value of time steps whenever it has problem with convergence but, 
for practical reason, in the input deck is possible to define the range of time steps allowed. 
2.4 Modelling 
The hydraulic modelling in CATHARE code is organized into 5 main modules; they are: 
1. AXIAL: used for ducts with 1D behaviour, like pipes; 
2. VOLUME: for large dimension volumes where there is a 0D behaviour;  
3. BCONDIT: to describe many type of boundary conditions for the system; 
4. THREED: taking into account 3D behaviours; 
5. RG: to describe double-ended break to simulate accidents. 
Different modules may be connected by junctions to create a circuit. In addition there are also Sub-
Modules to simulate exchangers, thermal walls, neutronic source and other characteristics of the 
system. The code also has Gadgets to represent sources, pumps, TEE junctions, injections and other 
special parts. Some of these elements are used in this work and are presented in the following 
paragraphs. A more detailed description can be found in [12]. 
2.4.1 AXIAL module 
An axial is a duct or a pipe made of segments that have cylindrical or conical shape between two 
junctions (Figure 7). The only rule is that, for the continuity of section, the end of one segment must 
have the same section of the following one. The length of the segments is defined by their 
curvilinear coordinates from the inlet junction of the module. Each segment may have different 
meshing and slope. 
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Even if the code is going to accept all the values, for a good convergence of the calculation 
there are two unwritten rules: 
a) huge difference of slope between two elements must be avoided. Even if the circuit has a 
90° bend, it is recommended to add, at least, one intermediate element. 
b) the ratio between two near mesh has to be less than 1.2.  
 
Figure 7: Axial main features 
2.4.2 Volume module 
It is used to simulate big volumes with many junctions, like pools where the flow has a 0D 
behaviour. This means that the fluid speed inside the volume is small and the inertial forces are 
negligible. The code divides the volume into two sub-volumes where it puts a scalar point. Then, 
for each junction, there is a vector point at the interface of the two modules and another internal 
scalar point. 
2.4.3 3D Volume 
A 3D module represents volumes where the multidimensional behaviour of the fluid cannot be 
neglected. It is made by several 3D cells separated by surfaces. Cells and surfaces need a porosity 
value for a correct simulation of the circuit, defined as following. 
Volumic porosity: Q =  ¡¢£¤¥nr 
Superficial porosity: $ = ¦ ¡¢£¦q§¥  
The non-utilized surfaces can be closed, so the code will not make calculations on them. The 
hydraulic characteristics of cells and faces, for the friction calculation, may be set by their 
‘hydraulic diameter’ using the following definitions: 
F&& = 4 =¨&L©#={Fª«v 
© = 4#=&L©={Fª«v 
 Numerically, the code still uses two mass and two energy balance equations each for scalar points 
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while it solves one momentum equation for each phase on the surfaces. 
2.4.4 Wall sub-module 
It is possible to simulate a heat source in a 1D, 0D or 3D volume. The code creates a layer of 
material with a certain volumetric heat power that can be constant or variable over time. For each 
wall structure the code needs the following information as input: 
• the material and the thickness of the wall; 
• the number or the dimensions of the meshes used in the model; 
• the heated perimeter; 
• the total volumetric power. 
2.5 Executable block 
The executable part is then divided into three different parts: 
1. Perminit: it is not a real execution. The code just starts to assembly the circuit in order to 
verify if everything is correctly defined; 
2. Steady-state: this part allows the circuit to reach good stabilized conditions after a small 
number of cycles: here there is no real time progress but the code just sets the general initial 
characteristics; 
3. Transient: this is the main part of the calculation: it is possible to manually set some 
variable with the command WRITE and to manage the time progress. 
Each transient can be split into several subsequent blocks to achieve a good representation of the 
real transient to be simulated. In each block it is also possible to define the printing time steps for 
the FORT21 file and the listing file.  
2.6 Pressure drop evaluation 
The momentum balance equation, described in paragraph 2.1, can be also seen as the summation of 
several pressure loss terms due to the different phenomena that can occur in the flow. Merging the 
two momentum equations of the two phases, the terms due to the interfacial exchanges disappear,  
obtaining the momentum equation of the mixture: 
−MMN = MMN _¬

4` +
MM, 6¬8 + 4- cos ® + 1 ¯ 9K        62.198 
The mixture density, mixture flow and dynamic density was used and they are defined as follows: 
4 = /4 + 61 − /84&      62.208 
¬ = /4% + 61 − /84&%&      62.218 
1
4 =
1
¬ °/4% + 61 − /84&%&±      62.228 
Separating the geometry term from the friction factor and integrating the equation along the z 
direction, the typical pressure drops equation is obtained [10]: 
yª«ª = yuFF,$ + yuFF,ª + y{uQ + y={Fª + y$v      62.238 
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y$v = ²2 4%      62.248 
This representation can be very useful in particular conditions, like natural circulation, in which the 
pressure drops massively, affect the flow behaviour. The CATHARE code normally prints the 
pressure loss of an axial element in the listing file. In its classification, it includes the geometry 
changes of the Axial in the wall pressure drop. Thus, in the singularity pressure drop it considers 
only those ones due to the singularities that are explicitly declared in the data block with the 
coefficients found in the manuals.  
In a 1D axial module, bends and section changes are considered defining them in the 
geometry part while complicate elements, like grids, need coefficients. 
For a 3D simulation the singular pressure drop calculation in a surface must take into 
account that the cross section seen by the code is not the one set by geometry. The simulated fluid 
surface depends, in fact, on its porosity value: therefore the K factor has to be calculated according 
to the following surface definition: 
#Fuª@ = $#=uF      62.258 
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3. CALO experiment 
In 2009, the French company EDF (Electricité de France) decided to prove the feasibility of the 
IVR methodology also on the already existing reactors with the CALO tests program [6]. 
In the EDF pressurized water reactors (REP) of 900 and 1300 MWe, there is a thermal 
insulating layer between the vessel and the reactor pit walls [13]. It is a cylindrical shield that 
surrounds the vessel with a gap of few centimetres from it. For a REP, the typical insulation is an 
assembly of several plates of ~2x0.9 m [13], [16]. Its thickness is made by two 3 mm metal layers 
that hold 70mm of insulating materials. Between its plates there are always small gaps, due to their 
non-perfect connection, which can allow the circulation of the fluid through it. 
The word CALO is so the abbreviation of ‘calorifuge’ that in French means ‘insulation’, in 
fact, the aim of these experiments was to prove that, if the reactor pit is filled with water during a 
SA, the natural circulation outside the vessel is ensured. Indeed water, heated by the vessel walls, 
should boil and evacuate upward but a blockage of the fluid may occur caused by: the ‘shoulder’ of 
the vessel wall and an ‘anti-convection joint’. A shoulder is present on the REP reactor vessels; it is 
the geometrical discontinuity between the cylindrical and the hemispherical part of the vessel. The 
1300-REP is equipped with an ‘anti-convection joint’ at the top of the hot side, between the vessel 
and the insulator, which prevents the liquid to escape. In the latter situation the circulation is 
ensured by the spaces between the insulator plates.  
3.1 Facility description 
CALO [6], [13] is a full scale hydraulic facility installed at the CEA of Grenoble. It represents the 
reactor pit volume under the vessel wall of a REP-1300. For practical purposes, it has a rectangular 
shape that simulates 1/36th of the vessel circumference with a constant thickness of 0.4 m.  
Figure 8 shows the design and the main dimensions of the facility. The external walls are 
made with a 3 cm layer of Plexiglas (PMMA) surrounded by a metallic frame (E235 steel).  
  
Figure 8: CALO facility design [16] and circulation pattern 
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The REP insulation is simulated with two plates, made in PVC, in L-shape configuration 
(Figure 8). The vertical insulation is a 5 cm thick slab that has 22 adjustable slots that can represent 
the different gaps possible between plates. The horizontal plate is a 9 cm slab with 8 holes (Figure 
9). Each hole has 12 cm of diameter and can hold a matrix in order to decrease the size till totally 
close it (Figure 10).  
 
Figure 9: Horizontal insulator [18]  
 
Figure 10: Example of matrix for the insulator holes [18] 
The near vessel volume is accurately reproduced with a curved wall of 2.38 m in radius, 
having 69° in opening that ends with a geometrical singularity, a 20 cm ‘shoulder’.  
The upper part is only made with two rectangular channels. The left one is 5 cm wide and 
represents the ‘hot side’ of the loop in upward direction, while the right one is 13.6 cm wide and is 
the ‘cold side’. They are both connected to a big pool through a special manifold, roughly described 
in Figure 11, to obtain a circular link CALO/pool. 
The pool is a metallic container of ~7 m3 placed at the top in order to close the loop and to 
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provide enough liquid to ensure the circulation. It has U-shape geometry to promote the phase 
separation and to obtain a minimum void fraction at the entrance of the cold side. Three holes 
ensure its connection with the manifold. As the experiments have only a hydraulic nature, there is 
no heating system. In fact; the water is at room temperature and the steam production is hence 
simulated with air injection along the vessel wall.  
The liquid from the pool reaches the bottom of the facility flowing inside the 13.6x40 cm 
channel, and then it passes through the holes insulator arriving in the injections zone. Their 
presence acts as a driving force that promotes the fluid circulation. Therefore, the liquid under the 
vessel is driven upward by the air bubbles until the pool where the air separates from the water. A 
two-phase natural circulation loop is so created by the experiment.  
 
Figure 11: Manifold CALO/pool 
3.1.1 Injections evaluation 
Since the experiment must be as far as possible representative of the real situation during a SA, a 
proper evaluation of the air injection has to be done. To obtain a reasonable simulation it can be 
considered that, from a hydraulic point of view, the volumetric air flow corresponds to the one of 
steam. If ³{$ is the residual power, the steam production in terms of mass for a given power can be 
calculated with the following energy balance equation: 
´,Qu = ³{$yµ$L¶ + ) ·
³{$) 							63.18 
yµ$L¶ = µ$uª − µ&¸ 
61¹H, µ$uª8 = isobaric mass heat capacity · 4180 	 
L61¹H8 = latent heat of vaporization · 2.2 »	 
The simplification in the equation 3.1 can be made because, even if there are some degrees of sub-
cooling, the sensible heat term is still negligible compared to the latent heat. This means that all the 
heat is used for the steam production.  
At the air injector level there is a hydrostatic pressure of about 1.7 bars; so, as shown in 
Figure 12, here the air density is about two times greater than the water one. 
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Figure 12: Air and Water density [14] 
Therefore, the air mass flow is approximated by the equation: 
´,u{ = 2	´,Qu · 2	³{$) 						63.28 
In a typical severe accident there is also a power distribution profile along the vessel wall that has to 
be reproduced by the air production. Thus, the wall is divided into 10 equal injection zones 
characterized by a specific number of injectors. They can create an air injection profile.  
Figures 13 and 14 show that the injectors have a nozzle that splits the air flow into 7 small 
holes in order to inject it into different directions nearly tangent to the bend that represents the 
vessel wall. This choice allows the creation of the air injection profile showed in Figure 15. 
The injectors of the same zone are connected to a manifold with folding tubes and then the 
ten manifolds are linked with an electro-valve to the main supply line. 
 
Figure 13: Photo of the air injectors [18] 
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Figure 14: Air injection design [18] 
 
Figure 15: Injections definition 
3.1.2 Equipment and tools 
Unfortunately, since the experimental device was not designed for a code validation work, no 
enhanced instrumentation is employed. The documentation is not complete and no information of 
instrumentation error is presently available. The main equipment of the facility is the following [18]: 
• the air supply line is made by a 2” inox tube; 
• a hot-wire anemometer to check the air flow rate; it is a few micron wire electrically heated 
up to a fixed temperature that is slightly cooled by the air flow; as the metal resistance 
depends on its temperature, it is possible to obtain a relation between the wire resistance and 
the air flow; 
• one pressure regulation device for the supply line; 
• three compressors able to individually ensure 720 Nm3/h, supplied by the CEA of Grenoble, 
and an additional ones (not specified) to ensure the requested air pressure requested; 
• a connection with the tap water ensures the water supply to the pool; two ultrasonic devices 
verify that the pool level does not exceed a safety height; 
• eight thermocouples to verify the water and the air temperatures in the loop; 
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• ten pressure sensors in the upper channels, five for the hot side and five for the cold one, 
positioned as in Figure 16; 
• movable turbine to evaluate the flowrate; 
• optical probes to estimate the void fraction. 
Since the facility works at atmospheric pressure, the pressure is not supposed to exceed 2 bars. 
However, for safety reason, there is a rupture disk in the lower part that breaks if the pressure grows 
over the expected limit.  
Thanks to the several pressure sensors, it is possible to obtain the pressure drops, DP, along 
the circuit as shown in Figure 16. DP1-4 are the pressure differences between the hot and the cold 
channel al various height. The remaining are the vertical pressure drops evaluated at the cold side, 
except for DP9 that is on the hot side.  
 
Figure 16: Location of the pressure sensors [14] 
3.2 Experiment configurations 
The experiment was done in several loop configurations. 
 Depending on the anti-convection joint 
Figure 17 shows an explanatory sketch with the three connection holes between the loop and the 
pool. The C hole is always open and provides low void fraction water to the facility. 
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Figure 17: Manifold connections 
The A and B holes are equipped with movable stoppers in order to close them. These tools allow the 
formation of two different loops: 
• Configuration C. Only the A hole is closed so the fluid must reach the pool passing 
through the slots on the insulator: this loop simulates the situation in which there is an 
anti-convection joint in the hot side;  
• Configuration D. This time only the B hole is closed: the loop represents the REP-900 so 
the hot side has a direct connection with the pool. 
 Depending on the insulator porosity 
For all the configurations, experiments were performed with different porosity of the insulator just 
modifying the slots and the holes on the insulator.  
 Depending on the air flowrates 
Three air mass flow value were used: 52, 96 and 136 g/s. This means that, using the equations in the 
previous section (3.1.1), the experiment is going to simulate several decay powers, up to 147 kW. 
Since the facility is representing only 1/36th of the entire vessel, an air flowrate of 136 g/s represents 
5.3 MW for the whole circumference.  
3.3 Reference experiments  
The assembling phase of the project began in 2010 [15]; the tests started in August of the same year 
and continued until the early 2013. This document will focus on tests made on January 23, 2013 
[17]; i.e. the only ones where the vertical insulator was sealed. 
The reference experiment characteristics were: 
- Configuration D, without anti-convection joint 
- All the insulator slots are closed 
- Insulator horizontal porosity: 3 holes open with 120mm of diameter 
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- Vessel/insulator space: 5 cm 
- Air flow rate tested: 52, 96 and 136 g/s      
Table 2 shows the experimental results. The presence of natural circulation is observed in all the 
tests. No blockage of the two-phase flow at the beginning of the hot channel, caused by the sudden 
restriction of the section, was observed. Thus a proper heat removal should be ensured.    
 DP1 
mbar 
DP2 
mbar 
DP3 
mbar 
DP4 
mbar 
DP5 
mbar 
DP6 
mbar 
DP7 
mbar 
DP8 
mbar 
DP9 
mbar 
Water 
flow  
52 g/s 62 23 -2 -27 173 112 145 27 31 125 m3/h 
96 g/s 77 27 -4 -40 171 111 144 26 30 136 m3/h 
136 g/s 90 33 -7 -49 170 109 143 25 30 131 m3/h 
Table 2: Experimental results for the three air flowrates 
The vertical DPs of the cold side (DP5-6-7) are similar for the three air flowrates because the 
channel has always a low void fraction and the pressure drops are due to the weight of the liquid. 
The horizontal DPs are affected by the air presence in the hot channel, so their values in the various 
experiments are different. In fact, each flowrate provides a different void presence in the hot 
channel. Precise information about the void fraction distribution is not available. In the next 
chapters, the CATHARE simulations of the circuit will be described, comparing results with DP 
values in Table 2.   
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4. Analysis of air-water tests: 1D approach  
This chapter presents a first simplified modelling of the CALO facility with CATHARE code. A 1D 
and 0D modules are chosen to describe the experimental device. Results are compared with the 
experimental ones and some conclusions are presented in the last paragraph. 
4.1 Loop modelling 
 
Figure 18: CALO representation with GUITHARE 
4.1.1 Pool model 
As described in chapter 3, the real pool has a U-shape to close the loop and to separate the air from 
water. Since its complexity, a single 0D [12] module with three junctions is used (Figure 18). The 
pool is simulated with a 25 m² section (instead of ~7 m² [16]) in order to obtain a lower void 
fraction at the inlet junction of the loop.  
The connections with the axial model of CALO (see next paragraph) are simulated by two 
junctions in the lower part of the pool, one with a downstream orientation and one with an upstream 
one, while the open side is represented by a downstream junction in the upper part. The two lower 
junctions are perpendicular to the pool bottom and they have the same slopes and dimensions as the 
CALO channels to preserve the continuity of sections. The upper junction is connected to a 
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boundary condition that ensures the atmospheric pressure inside the pool with an exchange section 
of 0.25 m. Obviously, pressure does not increase and the water level of the pool will remain almost 
constant during all the simulation.  
4.1.2 Axial element 
This element simulates the entire CALO facility so the boundaries are the two lower pool junctions 
(Figure 18). It is suggested to start the modelling using a simple axial [11] component due to the 
hypothesis that, during these tests, only 1D phenomena occur. Since an axial cannot directly 
represent the liquid passage through the insulator, a curved duct is simulated to connect the lower 
volume and the under-vessel area. The duct will link the two channels that represent the cold and 
the hot side as shown in Figure 18.     
The entire loop was divided into 18 segments. The first three segments represent the ‘cold 
leg’: the vertical part (Figure 19), the elbow bend and the horizontal part. Then, three cylindrical 
segments simulate a U-shape pipe that creates the connection with the “hot side”.  
The under-vessel volume is so divided into 10 different parts, one for each injection zone, 
and another one to represent the little volume under the vessel shoulder. The remaining part of the 
hot side is a vertical segment that is connected to the pool. In the entire data block, the word PROF 
was used to identify the constant thickness of the facility. 
If DIM is the other dimension of the rectangular cross section of the fluid, numbered as in 
Figure 19, all the geometrical features can be listed as a function of the previous data. In fact the 
generic k section will have the following dimensions definitions: 
 
Figure 19: Section numbering 
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Sk = DIMkxPROF 
Pk = 2x (PROF + DIMk) 
Dhk = 4xSk/Pk 
With k = 1 ÷ 15  
 Segment 0-1    
It is a simple rectangular channel with a constant thickness of 0,136m (DIM1). The meshing was set 
in order to make 5 scalar points as near as possible the real pressure detection points.  
L0-1 = abs1 = 7.388 m 
®kT= π (inclination angle) 
Mesh = 54  variable from 11.5 cm to 17 cm 
 Segment 1-2 
Since it is a connection space between elements of different sections, it has a conical shape. The 
downstream section has a thickness of 0.498 m (DIM2) and the slope is 45° in order to avoid a 
sudden bend of 90°. The length is calculated to preserve the volume compared to the real geometry.      
L1-2 = 0.315 m 
abs2 = 7.703 m 
®T= 3 π ∕ 4 
Mesh = 2  15.75 cm 
 Segment 2-3 
This is a horizontal channel and its section is the same as the surface 2. 
L2-3 = 2.527 m 
abs3 = 10.23 m 
®}= π ∕ 2 
Mesh = 15  16.85 cm 
 Segments 3-4 
This part is made with three elements that connect surfaces 3 and 4 so they have the same sections 
but different slope and meshing in order to create a U-shape link. 
LU1 = 0.3 m 
absU1 = 10.53 m 
®¾T= π ∕ 3 
MeshU1 = 2  15 cm 
LU2 = 0.25 m 
absU2 = 10.78 m 
®¾= 0  
MeshU2 = 2  12.5 cm 
Lu3 = 0.25 m 
absU3 = 11.03 m 
®¾}= π ∕ 3 
MeshU3 = 2  12.5 cm 
 Segments 4-15 
Starting from the beginning of the injection zone, several segments are modelled, 10 for the 
injection zone and one until the hot leg entrance (Figure 18). Their features are listed in Table 3. For 
all the 11 segments the calculation will proceed in the following way. 
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Connecting the midpoints of two cross sections (Figure 20) it is possible to obtain a line; this will 
represent the axis of the segment. Therefore its slope and its length will be calculated as following: 
 
Figure 20: Definition of the under-vessel volume 
 = ¿]2 cos / 
T O ¿]T2 cos /T 
y O T (  
À O 6" 5 ¿]2 8 sin / 
ÀT O 6" 5 ¿]T2 8 sin /T 
yÀ O ÀT ( À 
),T O ÂyÀ 5 y 
®,T O 32Ã 5 H, Ä
y
yÀÅ 
Segment L (m) abs (m) ® Mesh (cm) 
4-5 0.31 11.34 271.5° 3  10.3 
5-6 0.32 11.66 274.5° 3  10.6 
6-7 0.33 11.99 277.3° 3  11 
7-8 0.34 12.34 279.7° 3  11.3 
8-9 0.36 12.71 281.5° 3  12 
9-10 0.38 13.09 288.6° 3  12.6 
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10-11 0.41 13.5 345.6° 3  13.6 
11-12 0.36 13.87 245.9° 3  12 
12-13 0.33 14.21 346.9° 3  11 
13-14 0.31 14.52 349.1° 3  10.3 
14-15 0.13 14.65 349.4° 1  13 
Table 3: Axial geometrical value for the under-vessel zone simulation 
 Segment 15-16 
The last segment represents the hot side and it is a rectangular channel with 0.05 m (DIM15) of 
thickness. As in the cold side, a particular meshing is chosen to the pressure measurements location.   
L15-16 = 5.28 m 
abs16 = 19.93 m 
®TlTÆ= 0 
Mesh = 42  from 8.5 cm to 16 cm 
4.1.3 Injections and pressure detectors  
Once the axial element is defined, it is possible to add the required gadgets to the element. The 10 
pressure detectors are represented by sensors and, considering that a correct meshing was chosen, 
their definition on the axial element will directly refer to the desired heights. 
The air injection is simulated by a PIQREV element for each zone. The simulated injector 
has a direction tangent to the segment and a section equal to the sum of all the nozzles section of the 
zone (Figures 13-14) multiplied by a factor. This correction is done because in the experiment, the 
air sprayed in lateral directions loses speed hitting the lateral walls. Since this phenomenon has to 
be considered, a speed correction is necessary. If Ç is the air speed for all nozzles holes, the average 
speed in the flow direction can be calculated in the following way:  
 
Figure 21: Injections angles 
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All the values refer to the Figure 21, where x is the main direction of the fluid. The calculation 
shows that an air speed decrease is necessary to correct the simulation. As is not possible to modify 
the injection speed, the total injector areas are increased multiplying them by a 1.88 factor.   
4.1.4 Singular pressure drops  
In CATHARE code, the singular pressure drops are taken into account introducing [12] coefficients 
previously calculated using specific tables (Equation 2.24). The choice of the singularities is 
decided by the user. All correlations are deduced from the manual “Memento des pertes de charge” 
by Idel'cik [19]. In this work, only pressure drops in the horizontal insulator and in the pool lower 
junctions are taken into account. 
Pressure drop coefficient in the horizontal insulator 
The insulator may be seen like a grid [19] with three holes placed at the end of the segment 2-3 so 
the following correlation will be used: 
² O w0.707Â1 ( . 5 1 ( .x 1. 						64.28 
Where Ñ is the ratio between the holes section and the total cross section. The section does not 
change after the grid so the value can be used for both the directions (Figure 22). 
 
Figure 22: Features of the grid-singularity [19] 
Pressure drop coefficients in the pool junctions 
As the manifold CALO/pool is not directly represented (Figure 18), it is necessary to calculate 
singular pressure drop coefficients to simulate its effect. Referring to the Figure 10, in the upward 
direction there is firstly a slow section enlargement, than a sudden area change from rectangular to 
circular shape and at the end the enlargement due to the pool inlet. The total singular coefficient for 
each direction can be calculated as the sum of the various terms.  
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For the sudden area changes the two following correlations were used, they depend only on 
the surfaces dimensions [19]:  ²$@{v = 0.561 − |T ½ |k8						64.38 
²v&u{ = 61 − |k ½ |T8						64.48 
In both cases, |k are the upstream area and |T the downstream one. The coefficient due to the slow 
section change is made by a term for its friction (Kfr) and another one for the area change (Kac). 
Referring to Figure 23, it can be defined in the following way: 
² = ²={ + ²uF						64.58 
;& ≅ 4Ï, /2Ð Ó, /2Ô 						64.68 
²uF =	;&61 − |k |T⁄ 8						64.78 
²={ = 216+ /2 ^1 − Ä
|k|TÅ
a + 216+ 02
^1 − Ä|k|TÅ
a						64.88 
2 = .H,Ö	.,ÖH	6.ÖH	×Ø Ù 40008 = 	 161.8ÚÖ-ÛÜ−1 . 648 
 
Figure 23: Section variation of a rectangular channel [19] 
For each singularity, the code needs a coefficient for both the directions of the fluid [11], [12]. 
Table 4 shows a list of all the singularity coefficients calculated starting from the previous 
equations and used for the 1D calculation.  
 Positive flow direction Negative flow direction 
Inlet junction 0.71 1.29 
Outlet junction 1.46 0.95 
“Grid” insulator 58.1 58.1 
Table 4: Calculated singular pressure drop coefficients for the Axial element 
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4.1.5 Final modelling remarks 
At the end of the modelling, a difference of the total volume, between the simulated and the real one, 
is observed (~0.23 m3). It is so decided to reduce to about 4 cm the facility depth in the simulation. 
Since the flow has a typical 1D behaviour, this correction can be accepted and does not affect the 
results. To respect the numerical constraints, a ratio of about 1.3 is ensured between adjacent 
meshes. 
With the help of GUITHARE it is possible to visualize how the code reads the geometrical 
data from the input deck (Figure 18). Pink lines represent the presence of singular pressure drop on 
the vector points.  
4.1.6 Transient 
The initial conditions imposed are the constant level (0.6 m) of the pool and the following values at 
the exit junction of the axial element: 
• Pressure P = 1.06·105 Pa 
• Liquid and steam temperatures TL=TV=20 °C 
• Void fraction ALFA = 1·10-5 
• Liquid and steam speeds VL=VV=0.5 m/s 
• Air fraction X1=0.991 
To guarantee the convergence to steady-state of the calculation a ramp of the total air injection is set. 
The initial value of the total air flow is only 1/100 of the final one, then there is ramp of 450 s and, 
after that, 150 s of constant total flow. Pressure values and liquid flowrates are so taken into account 
and analysed.  
4.2 First results 
Firstly, the stabilization of the pressure and liquid flowrates are verified to guarantee the steady 
state condition and the convergence of the calculations (Appendix A). Table 5 shows results for the 
three air flowrates.  
Air 
flow 
DP1 
mbar 
DP2 
mbar 
DP3 
mbar 
DP4 
mbar 
DP5 
mbar 
DP6 
mbar 
DP7 
mbar 
DP8 
mbar 
DP9 
mbar 
Water 
flow  
52 g/s 56.9 19.7 -3.3 -32 173.5 112.2 145.4 25.8 20.1 150 m3/h 
96 g/s 68.5 25.8 -1.9 -37.4 172.4 111.5 144.6 25.6 19.3 155 m3/h 
136 g/s 72.5 29.9 0.9 -36.7 171.5 111 144 25.5 19.3 150 m3/h 
Table 5: CATHARE results 
Figure 24 represents the entire pressure profile along the axial element for the highest air flowrate 
(136 g/s): cold channel on the left and hot channel on the right part of the curve are clearly 
identified. The plot shows a pressure increase in the cold channel mainly due to the weight of the 
liquid. After the horizontal cold channel, the pressure starts to decrease and the effect of the 
injections is well visible. The pressure has a sudden drop at the inlet of the hot channel due to the 
restriction of the loop that corresponds to the vessel shoulder effect. 
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Figure 24: Pressure (Pa) variation along the axial element for 136 g/s of air flowrate 
 
Figure 25: Horizontal (left) and vertical (right) DPs at 136 g/s of air flow rate, in mbar (1D results) 
 
Figure 26: Horizontal (left) and vertical (right) DPs at 96 g/s of air flow rate, in mbar (1D results) 
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Figure 27: Horizontal (left) and vertical (right) DPs at 52 g/s of air flow rate, in mbar (1D results) 
In Figures 25, 26 and 27 the comparisons between the simulations and the experimental data in 
terms of pressure drops are reported (see Chapter 3.3). Remember that DP1 to DP4 represent the 
pressure differences between the two channels at the same height while DP5 to DP9 are the vertical 
pressure differences for the same channel. A very good correspondence of vertical DPs is observed 
for all the three flowrates. For the horizontal DPs, some errors are visible even if are quite small, 
particularly in the experiments with the two lower air flowrate.  
 
Figure 28: Void fraction in the Axial element for the three air flowrates 
Despite no experimental data are available to compare void fractions, it is interesting to consider 
values calculated by CATHARE along the axial element, as shown in Figure 28. The abscissa 
represents the curvilinear coordinate from 0, corresponding to the cold channel inlet, to 20 
corresponding to the hot channel exit. The three plots have the same shape for the three air 
flowrates but, of course, different values: 0.6, 0.51 and 0.39. In fact, obviously, a higher air flowrate 
corresponds to a higher void fraction value. Figure 28 shows also that at the entrance of the loop 
there is a very small void fraction, always lower than 0.02. This means that a low fraction of air is 
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entrained in the cold channel input. It depends on the representation of the pool cross section that is 
larger than the experimental one. Thus, despite the outlet void fraction of the loop is large; the 
phase separation occurring in the experiment is well represented. Throughout the simulation, the 
pressure inside the pool is always near the atmospheric pressure and the air mass balance is verified. 
4.3 Independent check of code results 
4.3.1 Pressure drops components 
Starting from the momentum equation, it is possible to calculate some pressure drop components of 
the axial element to be compared with CATHARE results, to verify the consistency of the code. 
This calculation refers to the equation shown in paragraph 2.4. 
 Gravity: 
To solve the gravity contribution of the equation, the air density and the void fraction values are 
necessary (see equation 2.19). Starting from Figure 29, the air density and the void fraction 
distributions are simplified with straight segments and final data are used for the calculation.  
  
Figure 29: Simplified void fraction (left) and air density (right) for a 136 g/s 
It is so possible to write simple linear functions, four /6N8 for the void fraction and three 46N8 
for the air density while 4&   the value of the water density and it is supposed to remain constant.   
y{uQ 	= ¯ /6N8 ⋅ 46N8 + 1 − /6N8 ⋅ 4&
- cos ®,T N
[ÝÞß
[Ý
						64.98 
The equation allows calculating the pressure drops for each segment. N  is the value for the 
curvilinear coordinate starting from the inlet junction of the element while ® is the angle between 
the segment and the gravity direction. The sum of the result for all the segments will represent the 
total gravity component for the axial element.  
 Singularity: 
The three singular pressure drops are already defined paragraph 4.1.4. The corresponding value is 
found in the in the input file. It is possible to use the “postpro” process to obtain the speed of the 
two phases that, with the data from the previous calculation, are required in the following equation: 
y$v O	²2 /4%
 5 61 ( /84&%&
						64.108 
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 Spatial acceleration:  
The equation is similar to the previous one except for the K term that now is not present. Since the 
entire loop is considered, the calculation was done only between the inlet and the outlet junction of 
the axial with the already used data. The equation is the following: 
y$ .uFF =  12 /4% + 61 − /84&%&
      64.118 
 Temporal acceleration and friction: 
The temporal acceleration is, of course, zero because the system is in steady-state condition so all 
the terms that includes time derivation are null.  
The friction component is not calculated in this work because, since it depends on a wide number of 
variables, it is not practically possible to calculate it in the same way as by CATHARE. 
In the next Table 6 there is a comparison between experimental values and the ones obtained 
as previously described. A good correspondence between results is obtained. An average error of 
2.4% is observed for the spatial acceleration, 2.2% for the gravity and 0.5% for the singularity part.  
 Sp. Acceleration (kPa) Singular (kPa) Gravity (kPa) 
136 g/s CATHARE -6.832 -10.885 30.715 
136 g/s Calculation -6.526 -10.894 32.277 
96 g/s CATHARE -6.128 -10.253 26.041 
96 g/s Calculation -5.827 -9.985 26.797 
52 g/s CATHARE -4.693 -8.378 18.934 
52 g/s Calculation  -4.820 -8.459 18.638 
Table 6: Comparison between the pressure drops values 
4.4.2 Sensitivity study  
An analysis of the singular pressure drop coefficients effect was also performed. Since was seen 
that any change of value does not visibly affect the vertical DPs, only the horizontal DPs values 
were considered in the calculation. The coefficients used in the CATHARE modelling are: K=0.71 
for the inlet of the ‘cold channel’, K=1.46 for the outlet of the ‘hot channel’ and K=58.1 for the 
simulation of a grid in the circuit (representing the holes of the horizontal insulator). 
Average errors of the horizontal DPs, compared to the experimental ones, are listed in Table 
7. The calculation was performed only for the higher air flowrate experiment. In each simulation, 
two of the three K values are constant while the third one varies.         
 Kinlet Koutlet Kgrid Av. Error Horizontal 
DPs (mbar) 
Reference values 0.71 1.46 58,1 10.2 
 
 
Kgrid variation 
0.71 1.46 68,1 9.8 
0.71 1.46 78,1 9.5 
0.71 1.46 48,1 10.5 
0.71 1.46 38,1 11 
 
Kinlet variation 
1.71 1.46 58,1 9.8 
2.71 1.46 58,1 9.3 
0.51 1.46 58,1 10.3 
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Koutlet variation 0.71 2.46 58,1 12.5 
Table 7: Results of the sensibility study for the 136 g/s simulation 
Table 7 shows that, for the three K values, even big variations of coefficients do not affect too much 
the simulation. In fact the average error of the four horizontal DPs is anyway ~10 mbar.  
4.4 Simulation of a steam-water experience 
As described in chapter 3, CALO is a hydraulic facility where the vapour produced by heating 
surface is simulated by air [6]. This choice was due to the fact that large structures with large 
heating surfaces are difficult to set up due to their cost and complexity. Thus, proper air injection 
flowrates were calculated in order to represent the real case. However, in this chapter, the 
description of a simulation performed addressing a real heating case is proposed with the aim to 
compare it with the experimental one. This is an independent check of the validity of the 
experiments and of their simplifying assumptions. 
The input deck is so modified and injections are substituted by thermal walls. The total 
power imposed on walls corresponds to the equivalent one necessary to produce a vapour flow 
corresponding to the air flowrates used in experiments (as in Chapter 3). The thermal structure is 
divided into 10 rectangular equal parts in order to create the same power distribution used for the 
injection definition (Figure 15). 
4.4.1 Input Deck definition 
Geometry remains the same than previously described in chapter 4 except for the injections. Indeed, 
all the air injections, previously represented by gadgets, are now substituted by a thermal wall. For 
the axial elements, the wall simulated by CATHARE has to be defined as an annular structure 
surrounding the loop. Thus, in order to preserve the heat exchange surface, for each segment a 
proper internal diameter was calculated using the following equation: 
¿ = #bÃ  ;           64.128             z = 1 ÷ 10 
SEC is 1/10th of the curved wall and represents the heating surface for all the segments. h is the 
length of each axial segment. Thus, a thermal wall made by 10 separate structures is created (Figure 
30). The simulated wall is 15 cm in thickness of a typical vessel stainless steel. The thickness of the 
wall is divided into five meshes of different size with a ratio of 1.2, as described in Figure 30. 
The three air flowrates of 52, 96 and 136 g/s used in the experiments were translated into 
total power values using the equation 3.2. Thus, the obtained values are respectively 56, 104 and 
147 kW of total power. To guarantee the convergence of the calculation, a ramp of the total 
supplied power is imposed. The ramp starts from zero and reaches the final value in 200 s.  
Steady-state conditions (in particular constant pressure and liquid flowrates) are reached 
after 15000 s. The initial liquid temperature is set at 90 °C, close to the saturation temperature. This 
means that the heat will be entirely used for the steam production and not for the heating of the 
water up to the saturation. 
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Figure 30: Graphical representation of the thermal structure 
4.4.2 First results 
Results show the expected two-phase natural circulation reached with the presence of steam. The 
steam production is similar ‘by design’ to the air injection simulated in chapter 4, but the results are 
obviously different because steam is a condensable gas. 
Even if no experimental data are available in this configuration, the actual void fraction 
distribution, showed in Figure 31 for the three thermal powers, can provide some useful information. 
A total power of 52 kW is not enough to visibly affect the void fraction, while, at the other two 
power values, there is a peak of void fractions in the last part of the heated zone, 0.075 and 0.002. 
The obtained values are listed in table 8 comparing them with the air simulations ones. 
 
Figure 31: Void fraction distributions for the three thermal powers 
 Water-Air  Water-Steam 
136 g/s  (147 kW) 0.6 0.075 
96 g/s    (104 kW) 0.51 0.002 
52 g/s      (56 kW) 0.39 ~0.0 
Table 8: Void fraction peaks comparisons 
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A comparison between these results and the void fraction profiles obtained in the air-water 
simulation (Figure 25) can be done. The differences are certainly due to the condensation 
phenomena which occur in the calculation with steam generation. It affects the shape and the 
maximum values of the void fraction distributions in the ‘hot channel’ zone. 
A direct comparison of the void fraction profile between the thermal simulation at 147 kW 
and the experiment at 136 g/s is shown in Figure 32. 
 
Figure 32: Void fraction profile comparison  
4.4 Concluding remarks and results interpretation 
An overall good agreement between calculated and experimental pressure differences results is 
observed starting from this axial modelling approach. Two different conclusions are proposed 
concerning the DP; for horizontal and vertical ones. 
A very good correspondence of the vertical DPs calculated by the code with the 
experimental values is noted. This is probably due to the fact that they refer to the inlet channel of 
the loop, the ‘cold channel’, where there is a very low and constant void fraction and a constant 
cross section, so the main component of the pressure drops equation is the gravity one (Equation 
2.2). Since very low void fractions are expected in the downstream channel, Figure 28 shows that 
the simulations correctly represents them; so, as the gravity term depends only on the height of 
liquid, results close to the experimental ones are easily obtained.  
Nevertheless, there is a little mismatch between the experimental data and the results of the 
code for the horizontal DPs, especially for the high air flowrate. Note that the horizontal DPs 
depend on the entire circuit between the two vertical channels; so, obviously the CATHARE 
calculations are affected by the representation of geometrical details. Moreover, an important 
difference between experiments and calculated data may be represented by the 1D representation. 
Indeed, there are at least two-dimensional phenomena, found in particular in the under-vessel area, 
that are neglected using a 1D simulation. This obviously leads to a different global behaviour 
specifically observed starting from pressure and velocity distribution. Referring to the ‘hot channel’ 
input, the calculated fluid kinetic energy is higher than the real one because of the lack of 
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3D/turbulence simulation. This is why a higher velocity and so a higher pressure, is observed in this 
area.   
Now, the good prediction of the vertical DPs suggests a good simulation of the cold channel. 
Starting from this observation, we may affirm that the difference of the horizontal pressure 
difference comes from the hot channel simulation. In particular, higher pressure differences are 
observed in the CATHARE computation.  
Following what previously said, it is suggested that the calculated higher pressure difference 
in the hot channel is probably due to a more important friction pressure drop that may depend on the 
higher inlet velocity due to the 1D simulation.     
In the experimental case, if the air flowrate decreases, there is a lower recirculation of the 
fluid and its behaviour becomes more one-dimensional. Thus, at small flowrates, the utilization of 
an axial element can better represent the experimental situation. The latter consideration is 
confirmed by the fact that the results of CATHARE with lower flowrate show a match with the 
experimental data. 
An independent simulation with a real steam production was also performed in paragraph 
4.4. This experiment provides useful information about the real IVR condition. In fact, since the 
void fractions found are always lower than the ones calculated in air injections simulations (Table 
8), it is possible to conclude that the air simulations are conservative compared to the real steam 
production. 
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5. Analysis of air-water tests: 3D approach  
This chapter presents a simulation of the CALO facility with a 3D module [12]. The explanation of 
the main modelling choices is presented in the next paragraphs. Finally, results of the simulation 
will be compared to the experimental data [17]. 
5.1 Circuit modelling 
The modelling is similar to the one used for the 1D simulation, except for the axial element that is 
now replaced by a 3D element. In fact the pool, the injection definition, the boundary and the initial 
conditions are the same as those described in Chapter 4.  
The 3D element is a volume of 0.4x2.66x7.88 m connected with the pool with two junctions. 
The volume meshing, represented in Figure 33, is made by 616 volumes including: 
- 14 meshes in the Y direction: 
o 10 with different length for the ten injection zones; 
o 1 that represents the 20 cm shoulder of the vessel; 
o 1 for the 5 cm gap between the vessel and the insulator; 
o 1 for the vertical insulator thickness; 
o 1 for the cold channel; 
- 1 mesh in the X direction for the entire thickness of the facility. 
- 44 meshes in the Z direction: 
o 5 for the volume under the insulator;  
o 1 for the horizontal insulator thickness; 
o 18 for the under-vessel area, one for each injection zone plus 8 for the remaining 
lower volume; 
o 20 for the remaining upper part of the facility that contains only the two channels. 
 
Figure 33: Cells porosity of the 3D element 
47 
 
Figure 34 shows that several surfaces, regardless of their porosity, are closed; this means that some 
cells are inactive and are not utilized in the calculation. In this way it is possible to represent the 
area without liquid that is inside the vessel wall and the presence of the insulator. The definition of 
the cell porosity completes the circuit description. As shown in Figure 33, most of the meshes have 
the same porosity, equal to 1.0 (full of liquid), while different values are necessary for 13 ones: 
- 3 values for three cells of the insulator in order to represent 12 cm diameter holes. 
- 10 for the cells that represents the vessel walls of the injection zone. 
 
Figure 34: Y surfaces (left) and Z surfaces (right) opening condition 
5.1.1 Singular pressure drops  
The 3D module needs the singular pressure drops definition. This is obtained defining specific 
coefficients (Equation 2.17) either on surfaces or on junctions [12]. For the correct evaluation of the 
circuit, ten coefficients must be calculated [19]: 
- 2 for the manifold simulation at the CALO/pool junctions (Figure 10); their calculation was 
already explained in the paragraph 4.1.4 for the 1D simulation; values are listed in Table 4 
and they are applied at the upper junctions;   
- 1 for the elbow of the ‘cold channel’;    
- 6 values for the three holes of the horizontal insulator; three refer to the entrances and three 
to the exits of the holes; 
- 1 for the shoulder of the vessel that represents the entrance of the ‘cold channel’. 
Pressure drop coefficients in the horizontal insulator 
Making some assumptions, the singular coefficient found for the 1D simulation (Equation 4.2) may 
be also used for the 3D module. Since the pressure drops (Equation 2.17) and the flowrates, á , have 
to be equal in both cases, the following equation system can be written:  
yTA = y}A 									→ 							 ²TA%TA = ²}A%}A 						66.18á TA = á }A 											→ 						%TA#TA = %}A#}A∗ 				66.28  
48 
 
In order to simplify the treatment, the water density was considered constant and equal in both cases. #}A∗  is the fluid cross section, of the surface containing the hole, seen by the code. Since it depends 
on the surface porosity, as shown in the equation 2.18, the equation of the singular coefficient for 
the holes entrances is the following: 
²}A = ²TA Ä$#}A#TA Å
 						66.38 
In this equation, #}A is the entire surface containing the holes and defined in the meshing phase, 
without considering its porosity. Each surface has a different cross section and porosity: so, three 
different values are obtained. The holes exits may be seen as sudden section enlargements so the 
equation 4.4 was used for their calculation. 
Pressure drop coefficients in the ‘cold channel’ bend 
This situation may be found in manuals [19]. It is the case of 90° sudden bend with a rectangular 
section. Figure 35 shows the main dimensions that have to be considered in the calculation and the 
graphical calculation of the singularity.   
         
Figure 35: Calculation tools for a rectangular bend [19] 
Pressure drop coefficient in the ‘hot channel’ inlet 
This singularity cannot be treated as a simple restriction of the circuit due to two main reasons: 
- here, the fluid has a high void fraction; the validity of the available correlations is not 
proven in these situations because they are validated only for single-phase flows; 
- the behaviour of the fluid is affected by the 2-dimensional turbulence in the under-vessel 
volume due to the injections.  
Therefore, since there is not a practical calculation method, a tuning of this coefficient was 
performed.  
Table 9 lists the new singular pressure drop coefficients for both directions of the fluid. They are 
applied on surfaces in Z direction (Figure 34). 
 Positive Z direction Negative Z direction 
Holes insulator entrance 6.95-4.63-1.49 0.02 
Holes insulator exit 0.02 6.95-4.63-1.49 
“Grid” insulator 0.475 0.9 
Table 9: Calculated singular pressure drop coefficients for the 3D element 
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5.2 First results 
The tuning process was made for the experiment with 136 g/s of air flowrates. Best results were 
obtained with a singular coefficient of 3.6. Table 10 shows results for the three air flowrates.  
 DP1 
mbar 
DP2 
mbar 
DP3 
mbar 
DP4 
mbar 
DP5 
mbar 
DP6 
mbar 
DP7 
mbar 
DP8 
mbar 
DP9 
mbar 
Water 
flow  
52 g/s 51.1 0 -31 -71 173.7 112.4 145.6 25.8 18.4 130m3/h 
96 g/s 79.1 17.2 -22.4 -71.9 172.7 111.8 144.9 25.7 16.7 134m3/h 
136 g/s 101 35.7 -7 -59.9 171.9 111.3 144.4 25.5 16.2 131m3/h 
Table 10: CATHARE results (K=3.6) 
The convergence of the calculation is ensured by the steady-state condition reached at the end of the 
simulations (Appendix B). In Figures 36, 37 and 38 the comparisons between the 3D simulations 
and the experimental data are reported (Table 2), where labels DP1 to DP4 indicate the horizontal 
pressure differences while DP5 to DP9 are the vertical pressure differences of the cold channel 
(Figure 16). As in the 1D simulation, a very good correspondence of vertical DP5-6-7 is observed 
for all the three flowrates. In the simulation with 136 g/s of air flowrate there is also a good 
agreement for the horizontal DPs values (Figure 36) due to the tuning process performed at this 
flowrate. However, at the lower flowrates, the comparison shows lower accuracy (Figure 37-38). 
The errors get larger decreasing the flowrate and all the DPs are under estimated. Figure 39 
describes the void fraction distribution of the cells column containing the ‘hot channel’. The 
horizontal axis represents the height of the 3D element from 0, corresponding to the base of the 3D 
element, to 7.8, corresponding to the outlet junction of the ‘hot channel’. The qualitative trends of 
the plots cannot be compared with the ones found in the 1D simulation (figure 28) because of the 
difference in the two models. However, there is a good correspondence of maximum values. In the 
first part of the plots, representing the horizontal channel of the ‘cold side’, the void fractions are 
very low in accordance with the results of the 1D simulation. Even in these cases, throughout the 
simulation, pool pressure is always near the atmospheric one and the air mass balance is verified. 
 
Figure 36: Horizontal (left) and vertical (right) DPs at 136 g/s of air flow rate, in mbar (3D results) 
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Figure 37: Horizontal (left) and vertical (right) DPs at 96 g/s of air flow rate, in mbar (3D results) 
  
Figure 38: Horizontal (left) and vertical (right) DPs at 52 g/s of air flow rate, in mbar (3D results) 
 
Figure 39: Void fraction in the ‘hot channel’ for three air flowrates 
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Figure 40 shows the void fraction distributions in the inlet channel. The horizontal axis represents 
the positive direction of the Z-axis so 0 corresponds to the bottom of the channel while 7.8 
corresponds to the inlet junction. As seen in the 1D simulation (chapter 4), the void fraction has a 
low value for three air flowrates.  
 
Figure 40: Void fraction in the ‘cold channel’ for the three air flowrates 
The liquid velocity and direction are shown in Figure 41. Liquid passes through the ‘cold channel’ 
with low velocity, it reaches the under-vessel area where it gains speed thanks to air injections. 
Figure 41 underlines a two-dimensional behaviour of the fluid in the under-vessel area due to 
injections; they create a fluid recirculation loop just before the ‘hot channel’ entrance. However, the 
liquid escape from the lower volume is not prevented by this turbulence so the circulation is still 
ensured.  
 
Figure 41: Flow features in the 3D element at 136 g/s of air flow rate 
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5.3 Concluding remarks and results interpretation 
In 3D simulations, the behaviour of the code does not represent with sufficient accuracy the 
experimental cases, in terms of calculated pressure differences, for all the air flowrates. Different 
quality of results is obtained in the case of vertical and horizontal DPs. 
A good correspondence between the vertical DPs calculated by the code and the 
experimental ones is shown in Figures 36-37-38 for all the air flowrates. As previously explained in 
chapter 4 for the 1D approach, this good agreement is due to correct simulations of ‘cold channel’ 
void fractions, represented in Figure 40. 
For the horizontal DPs, Figure 36 shows a good agreement between the experimental data 
and the results from the simulation at 136 g/s of air flowrate. A lower accuracy of results is 
observed for the other two flowrates. Discrepancies are due to the fact that the tuning process was 
made only for the higher flowrate. It is possible that the singularity at the inlet of the ‘hot channel’ 
has an important effect on the calculation. Since there is no accurate correlation for this singular 
pressure drop coefficient, each air flowrate would need its own tuning process in order to find the 
correct value due to the complex geometry and the high void fraction presence.  
Figures 42, 43 and 44 present a graphical comparison between the horizontal experimental 
DPs and those ones found with the two CATHARE simulations. For a 136 g/s of flowrate, the 3D 
simulation shows a better agreement with the experimental case than the previous 1D simulation. 
On the other end, at the two lower air flowrates, 1D simulations are certainly more representative of 
the experimental case.         
 
Figure 42: Horizontal DPs 1D/3D/EXPERIMENT comparison at 136 g/s of Air flow rate, in mbar 
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Figure 43: Horizontal DPs 1D/3D/EXPERIMENT comparison at 96 g/s of Air flow rate, in mbar 
 
Figure 44: Horizontal DPs 1D/3D/EXPERIMENT comparison at 52 g/s of Air flow rate, in mbar 
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Conclusions 
This work presented a validation study of the CATHARE code [5] based on CALO experiments [6]. 
The analysis was performed on experiments made on January 23, 2013 [17] at the CEA centre of 
Grenoble with a hydraulic facility. The experiments dealt with a water loop [16] where a natural 
circulation is established by air injections at different flowrates. Taking into account the facility 
configuration, two different modelling approaches were considered using CATHARE v2.5 3mod4.1: 
a 1D simulation, described in chapter 4, and a 3D simulation, presented in chapter 5. 
Obviously with the 1D approach, a simplification of the circuit was made, neglecting the 
multidimensional behaviour of the fluid. Results of the 1D calculation have proven an overall good 
behaviour of the code for the three air flowrates, in particular: 
• the code forecasts that a natural circulation is established in all the air flowrate;  
• a very good correspondence between experimental and calculated vertical pressure 
differences values [17] is observed; 
• a good agreement between horizontal pressure differences is observed, especially for 
lower air flowrates. 
On the other side, the 3D simulation allows to a better description of the facility configuration. 
However, a CATHARE 3D module needs a more specific definition of the singular pressure drops 
coefficients. A tuning process was therefore made at the higher air flowrate (136 g/s) for the 
singular coefficient that represents the inlet of the ‘hot channel’. Thus, the simulations provided the 
following results: 
• a good correspondence of vertical pressure differences is still observed. 
• in terms of horizontal DPs, a very good correspondence of values is observed only 
for the higher flowrate: the correspondence is no more respected at the same level of 
accuracy with other flowrates; 
• results of the simulations are highly affected by the choice of the singular pressure 
drop coefficients: for each flowrate, the code would need a proper coefficient with a 
tuning process. 
An independent 1D simulation of a thermal experience was also performed and explained in chapter 
4. It showed that, however, experimental results with air injections are still conservative comparing 
them with hypothetical real cases with heat source. In fact, the simulation of steam production 
provides an overall lower void fraction in the loop than calculated for the experimental tests with air. 
Figures 42, 43 and 44 have shown a final comparison between the experimental DPs and 
those ones found with the two CATHARE simulations. Results suggest that the behaviour of the 
experimental tests is mainly 1D, especially at lower flowrates. Thus, a 1D simulation is more 
representative of the overall facility behaviour in the experiments dealt in this work, also because it 
allows avoiding the complexity involved in defining details of a 3D model.  
However, in the planning of future work, it will be possible to extend the validation study 
also on other experiments made with the CALO facility. Referring to tests with a ‘porous’ vertical 
insulator configuration [18], described in chapter 3, the loop can be represented only by a 3D 
simulation. As a lesson learned from this work, it is so suggested that, in those cases, new tuning 
processes have to be performed with the addressed loop configurations. In fact, the behaviour of the 
fluid will certainly change from the ones observed in the previous chapters. 
Finally, this work addressed only the hydraulic behaviour of the IVR problem, owing to the 
availability of data from the CALO facility; as shown, even this simplified version of the problem 
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demonstrated to pose challenges in the modelling, due to uncertainty involved in the evaluation of 
pressure drops. Experimental and computational studies are going on worldwide, and at CEA as 
well, in order to address further issues, which were mentioned in the general presentation of the 
problem in this thesis, involving the evaluation of flow distribution an of possible CHF conditions 
limiting the heat removal from the vessel. The relevant contribution given by this thesis work to 
these studies consists in providing ‘separated effect’ information on the difficulties encountered in 
simulating the combined hydraulic and thermal phenomena envisaged in ‘In Vessel Retention’ 
scenario. 
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APPENDIX A 
Convergence to steady-state of 1D simulations 
 
Figure 45: Pool pressure trend 
 
Figure 46: Pool level trend 
 
Figure 47: Pressure at the outlet junction of the Axial 
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Figure 48: Liquid flow at the Axial inlet junction 
 
Figure 49: Gas flow at the outlet junction of the Axial 
 
Figure 50: Gas flow at the pool outlet 
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APPENDIX B 
Convergence to steady-state of 3D simulations 
 
Figure 51: Pool level trend 
 
Figure 52: Pressure at the outlet junction of the 3D element 
 
Figure 53: Liquid flow at the 3D element inlet junction 
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Figure 54: Gas flow at the outlet junction of the 3D element 
 
Figure 55: Pool pressure trend 
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